The effect of Mg and Ca treatment on the behavior and the particle size of inclusions in bearing steels were studied by industrial experiments and thermodynamic calculations. The results showed that the excess addition of Mg wires is not conducive to control the total oxygen content in bearing steel because of the secondary oxidation. The irregular and clustered Al2O3 inclusions are the dominant in the aluminium killed bearing steels. The different quantity Mg wires were added, which can change the irregular and clustered Al2O3 inclusions into the spherical MgO or MgO·Al2O3 inclusions. When the Ca addition is insufficient, the Al2O3 and MgO·Al2O3 inclusions could not completely change into the spherical CaO-MgOAl2O3 system inclusions. By the three-dimensional morphologies analyze, Al2O3 inclusions are easy to gather and the size of clustered Al2O3 inclusions is large. By the Mg or Ca treatment, the size of Al2O3 inclusions can be reduced, but the large size CaO inclusions are brought into steel after the Ca treatment.
Introduction
Bearings are used to support the axis of rotation in machinery and equipment, including automobiles. It is now being clearly established that fatigue resistance correlates strongly with steel cleanliness. 1) Non-metallic inclusions play an essential role in the length of the rolling contact fatigue (RCF) life, as fatigue cracks start growing from subsurface-located inclusions where the shear stress reaches its maximum. [2] [3] [4] [5] Aluminum is main deoxidizer and Al2O3 is mainly deoxidation products in bearing steel. Hashimoto et al. 2) have studied the relationship between RCF and various oxide inclusions. They found Al2O3 inclusions are one of the greatest impact in various oxide inclusions for RCF. In addition, Al2O3 inclusions are likely to cause nozzle clogging in the continuous casting process.
In order to solve these problems, the component control of inclusions in molten steel [6] [7] [8] [9] or the elimination 10) of Al2O3 inclusions has been studied. Ca is generally utilized to reform Al2O3 inclusions as one of the countermeasures, but Ca treatment is prohibited in the bearing steel production process. Thence, Mg has also been studied for replacing Ca. [11] [12] [13] [14] Kimura et al. 15) reported that alumina-magnesia complex inclusions have a much weaker tendency to aggregate and to form clusters than alumina inclusions from in-situ observation of inclusions on the molten steel surface using a confocal scanning laser microscope. And a number of thermodynamic and kinetic studies [16] [17] [18] [19] [20] on formation of MgO·Al2O3 were also carried out. Saxena et al. ' s 21) results showed that by using Mg treatment, MgO·Al2O3 was formed. The particle of MgO·Al2O3 inclusions, the size is smaller and the edge is more smooth. Therefore, the harm on the mechanical property of steels is smaller.
In the present study, Mg treatment and minor Ca treatment were carried out by adding magnesium wires and calcium wires into the molten steel at the end of vacuum degassing (VD). The effect of Mg and Ca addition on morphology, component, size distribution and number of inclusions were investigated by the cross-section method and the electrolytic extraction method. The influence of the Mg addition amount on the composition and size distribution of inclusions was studied.
Experimental

Experimental Procedure and Sampling
This process is adopted to produce the high carbon chromium bearing steel (wt-%:0.99C-1.45Cr-0.3Mn) in Hangzhou Iron and Steel Group Company (HIRGC): 100 t UHP EAF→ LF refining furnace→VD→continuous casting (150×150 mm or 200×200 mm). During tapping Al and Si and Mn and C are used to deoxidation. The power of Al and Si-C are used to diffusion deoxidation in the LF process, and about 80 m © 2014 ISIJ Al wire is inserted for final deoxidation in the late of LF. The high basicity of refining slag is used, and the compositions show in Table 1 . 22) In the process of VD it is ensured that the vacuum time is not less than 12 min and the soft blowing time is not less than 15 min.
The five different types of steel: Steel A, B1, B2, B3 and C were produced by the different wire feeding process, as shown in Table 2 . The samples were taken with a pailsampler (diameter 60 mm, height 100 mm) from liquid steel before LF refining, before VD and after wires feeding. The billet samples were taken directly from billets.
Analysis of Samples
Rectangular pieces (15 mm×15 mm×10 mm thickness) and cylindrical samples (ϕ5×40 mm), 20 mm from the bottom of the pail samplers, were machined. These metallographic samples were polished by SiC paper and diamond suspensions to characterize the inclusions through observations in a scanning electron microscope (SEM). The chemical composition of inclusions was analyzed by energy dispersive spectrometry (EDS) combined with the SEM.
Inclusion characteristics of the billets were analyzed by a three-dimensional method. But to extract MgO inclusions from steel is difficult because of the poor stability of MgO inclusions. Inoue et al.'s 23) recent results showed that the nonmetallic inclusion particles containing MgO were extracted with the 2% TEA (2 v/v% triethanolamine -1 v/v% tetramethylammoniumchloride -methanol) electrolyte.
Before electrolytic extraction, the surface of each specimen was cleaned by fine grinding and washing by acetone and petroleum benzene in an ultrasonic bath. The specimens were dissolved by using a potentiostatic electrolytic extraction method. The following settings were used, voltage: 150 mV, electric current: 40-60 mA and time: 8-12 hours, electrolyte: 2% TEA. After electrolytic extraction, the obtained solution was filtrated using a qualitative filter
paper with an open-pore size of 80-120 μm for removing carbides. The obtained filtrate was filtrated again using a polycarbonate membrane filter (PC) with an open-pore size of 0.45 μm. The extracted non-metallic inclusions on the surface of the film filter were analyzed by using an SEM equipped with EDS.
Results and Discussion
Chemical Composition of Samples
The chemical compositions of samples were given in Table 3 . The contents of C, Si, Mn and Cr increased because of the composition adjustment in the refining process. During tapping, 500 kg of steel-cored aluminium was added into the ladle for the deoxidation. Hence the content of Al reached a maximum before LF refining. The content Ca not changes obviously except Steel C. In Steel C, the 80 m Ca wire was added to cause the increase of the Ca content after VD refining. In Steel B1, B2 and B3, the different quantity Mg wires were added after VD refining to cause the change of the Mg content. But the content of Mg decreased in billets.
During tapping, the dissolved oxygen content is so high that the content of dissolved Mg and Ca content can be considered as zero. After strong deoxidation by Al addition, the dissolved oxygen content decreases rapidly, and MgO and CaO in refractory and slag may be reduced by Al as Eqs. (1) and (2) to generate dissolved Mg and Ca in the liquid steel, and the result shown in Table 3 have proven these two reduction reactions with the increase of Mg and Ca content. 24) ............ (1) ............. (2) The total oxygen content of Steel A, B1 and C are below 10 ppm (Product Requirements: [O]Total ≤ 10 ppm). But the total oxygen content of Steel B2 and B3 are 13 and 15 ppm. This phenomenon may be caused by the secondary oxidation because of the excess addition of Mg wires. It can also be proved by the change of the nitrogen content. Therefore, it can be determined that the excess addition of Mg wires is not conducive to control the total oxygen content in bearing steel.
Effect of the Different Wire Feeding on Inclusions
Compositions of Inclusions
20 oxide inclusions were analyzed by using an SEM equipped with EDS in each metallographic sample. The result shows that the main types of oxide inclusions are CaO-MgO-Al2O3 ternary system. In order to illustrate the effect of the different wire feeding on the compositional evolution of inclusions, the distribution of inclusions (before VD, after VD and billets) is marked in the CaO-MgOAl2O3 ternary phase diagrams as shown in Figs. 1(a)-1(e) . The 1 823 K liquid region is drawn in Fig. 1 (e) Steel C by the FactSage6.3 software.
Before VD, Al2O3 inclusions are the main inclusions in the five samples. Since Al is the main deoxidizer in the process of tapping and LF refining, Al2O3 inclusions are mainly from deoxidation products.
With the slag-steel interface reaction during VD, the reactions of Eqs. (1) and (2) continue so that the MgO and CaO content increase in the inclusions of the five samples as shown in Fig. 1(△ After VD) , and the compositions of inclusions are close to the slag composition.
In the five samples in billets, the compositions of inclusions are different as shown in Figs. 1(a)-1(e) (• Billets). In Steel C, the CaO content increases slightly. But compared with Steel A, a few of the inclusions are close to the 1 823 K liquid region. The result of the minor Ca treatment is not ideal. Therefore, to guarantee the result of Ca treatment, a sufficient amount of Ca addition is necessary. Total oxygen was analyzed by the inert gas fusion impulse infrared absorption spectroscopy method.
Other chemical compositions were obtained by ICP-AES. Typical CaO-MgO-Al2O3 system inclusions are spherical, but in Steel A and C some this type inclusions are rectangular as shown in Fig. 6 . This may be due to the deficiency of Ca content, and the modification effect of Al2O3 and MgO·Al2O3 system inclusions are incomplete. Moreover, CaO inclusions, the size more than 10 μm, are observed in the billets of Steel C and the three-dimensional morphology is shown in Fig. 7. 
Size of Inclusions
The effect of the different size inclusions on the length of the rolling contact fatigue (RCF) life is different. In order to investigate the effect of the inclusion size on the different wire feeding process, the size of inclusions after electrolytic extraction was counted by observations in an SEM, and 100 inclusions were observed from the each sample. The distributions of the size of inclusions in billets were given in Figs. 8(a)-8(e) . In Steel A, there are two clear distinctions. Inclusions that the size is smaller than 2 μm account for 58.1%, but inclusions of this size in other steels are more than 71%. Moreover, inclusions that the size is larger than 10 μm account for 8.7%, and it is higher than that of other steels.
In Steel B1, B2 and B3, the size distributions of inclusions are basically consistent. The proportions of inclusions that the size is smaller than 2 μm are above 71%, and the inclusions of more than 10 μm account for below 3%. It indicates that the size distributions of inclusion particles of MgO·Al2O3 (in Steel B1) and MgO (in Steel B2 and B3) are consistent. This result was also obtained by Ohta et al. 25) In Steel C, compared with Steel A, inclusions below 2 μm increase by 14.2%, and inclusions above 10 μm decrease by 5.3%. This can explain that the formation of large Al2O3 inclusions is prevented by Ca treatment. Compared with Steel B1 and B2 and B3, the distributions of inclusions below 10 μm are basically similar, but the inclusions of more than 10 μm that account for 3.4% and the composition is CaO as shown in Fig. 7 . It may come from the slag entrapment or reoxidation in the Ca treatment. In addition, the trend that MgO or MgO·Al2O3 inclusions are decreased by Ca treatment when compared with Steel B is not obvious. On the one hand, this is because the sizes of MgO and MgO·Al2O3 and CaO·MgO·Al2O3 are close by using SEN. On the other hand, this may be due to the deficiency of Ca adding quantity.
It can be seen from the average size of inclusions in billets as shown in Fig. 8(f) that the size of inclusions in Steel A is largest because of the dominant irregular and clustered alumina inclusions, and the size of inclusions in Steel C is relatively large because of the presence of the large size CaO.
Above all, in the bearing steel, the size of Al2O3 inclusions is larger than that of MgO and MgO·Al2O3 and CaOMgO-Al2O3 system inclusions. But the size of Al2O3 inclusions can be reduced by the Mg or Ca treatment. The large Fig. 8 . Distributions of the size of inclusions in billets. © 2014 ISIJ size CaO inclusions are brought into steel by the Ca treatment.
Thermodynamics of Inclusions Evolution (1) Formation of Al2O3 inclusions
Thermodynamic calculations were carried out to explain the evolution of the inclusions in steel. With the deoxygenation and the refining process, the equilibrium establishes between slag and molten steel, aluminium is in equilibrium with the slag. Therefore, the following reaction 26, 27) can be described. (5) Since the end of the refining, the composition of the Steel A does not change as shown Table 2 . The equilibrium described by Eqs. (3) and (4) (14) Therefore, Eqs. (3)- (14) can be used to calculate the stability diagram of MgO/Al2O3·MgO/Al2O3. In the calculation, the activities of MgO·Al2O3 in MgO and Al2O3 are 0.8 and 0.47 respectively, and the activities of MgO and Al2O3 at saturated state are 0.99 and 1 respectively. 29) As shown Fig. 9 , the phase stability diagram of MgO/ Al2O3·MgO/Al2O3 is calculated. In the billets of the Steel A and B1 and B2 and B3, the contents of Al and Mg in liquid steel are mainly considered, because there is a little Ca generated. According to Table 2 In order to analyze the formation mechanism of CaOMgO-Al2O3 system inclusions in bearing steel, the phase stability diagram of Al2O3·MgO/CaO·Al2O3/Al2O3 is obtained, as shown in Fig. 10 . If there is a trace of dissolved Ca in liquid steel, the Al2O3·MgO system inclusions will be unstable and change into CaO-MgO-Al2O3 system inclusions, finally tend to form calcium alumina inclusions, as shown the Steel C in Fig. 1 . The boundary between Al2O3·MgO and CaO·Al2O3 can be calculated from Eqs. (20) In the calculation, the activities of MgO·Al2O3 in Eq. (15), CaO·Al2O3 in Eqs. (15) and (18) and Al2O3 in Eq. (18) are considered as unity. 24) According to the compositions of the billets, Al2O3 and MgO·Al2O3 inclusions can stably exist in the billets of Steel A and B1, as shown Fig. 10 . In the billets of Steel C, there is a slight increase of the Ca content to cause the Ca element substitution for Mg and Al element in MgO and MgO·Al2O3 inclusions, which is the primary reason for CaO·Al2O3 inclusion formation in the Steel C billets.
Conclusions
The effect of Mg and Ca treatment on the behavior and the particle size of inclusions in bearing steels were studied by industrial experiments and thermodynamic calculations, and the following conclusions were obtained.
(1) The excess addition of Mg wires is not conducive to control the total oxygen content in bearing steel because of the secondary oxidation. The moderate addition of Mg or Ca wires is not obvious effect for the total oxygen content in bearing steel.
(2) By the three-dimensional morphologies analyze, Al2O3 inclusions are easy to gather and the size of clustered Al2O3 inclusions is large. By the Mg or Ca treatment, the size of Al2O3 inclusions can be reduced. But by the Ca treatment, the large size CaO inclusions are brought into steel.
(3) The irregular and clustered Al2O3 inclusions are the dominant in the aluminium killed bearing steels. The different quantity Mg wires were added, which can change the irregular and clustered Al2O3 inclusions into the spherical MgO or MgO·Al2O3 inclusions. When the Ca addition is insufficient, the Al2O3 and MgO·Al2O3 inclusions could not completely change into the spherical CaO-MgO-Al2O3 system inclusions.
